Introduction
Cancer is a disease that poses a threat to human health worldwide, and it has become a major public health concern in China (1,2). Typically, cancer can be caused by the accumulation of molecular alterations in genes that control cell survival, growth, proliferation and differentiation within the nascent tumor (3) . Currently, the molecular profile of cancer can be effectively assessed using gene sequencing technologies and advanced analytical approaches (4) . Advances in technology provide unprecedented speed and resolution to find causative mutations in the patient's genome that underlie cancer development and progression, ranging from point mutations to chromosomal translocations (4, 5) . In particular, there are somatic alterations that are unique to tumor cell genomes and specific inherited or 'germline' genomic alterations that are known to confer increased susceptibility to cancer development (4, 5) . Concurrent cancers are rare, and can increase the economic burden on a family and society. However, the molecular mechanisms underlying the development and progression of concurrent cancers remain unclear.
Next generation sequencing (NGS), also known as high-throughput parallel sequencing technology, provides an unbiased way to examine the molecular pathogenesis of diseases and expands the impact of genomic analyses in biomedical research (6, 7) . Furthermore, NGS has been widely used in scientific research, and for the clinical diagnosis and treatment of cancer (8) (9) (10) (11) . The exome represents only ~2% of the human genome, but contains ~85% of known disease-associated variants, making whole exome sequencing (WES) a significant alternative to whole genome sequencing (WGS) (12, 13) . Compared with WGS, WES has significant advantages, including reduced costs, faster data analysis and easier data management (13) . Therefore, investigating the molecular alterations in concurrent cancers using WES technology is a more cost-effective approach.
In the present study, WES technology was used to identify causative variants in a Chinese family in which two members Whole exome sequencing study of a Chinese concurrent cancer family were diagnosed with concurrent cancer. Following filtering of the raw data and exhaustive annotations, it was identified that NADH:ubiquinone oxidoreductase core subunit S7 (NDUFS7) was a candidate gene with somatic mutations (g.1391151G>A and g.1393289G>C), and a subset of 16 genes were candidate genes with germline alterations in patients with concurrent cancer. The results of the present study may improve the current understanding of the molecular mechanism of concurrent cancer and provide a basis for further studies.
Materials and methods
Patients and samples. In the present study, patients with concurrent cancer were identified using the following criteria: i) Each tumor had confirmed evidence of malignancy; ii) each tumor was distinct; and iii) the probability that one tumor had metastasized from the other was excluded based on pathological and immunohistochemical analysis (14) . The present study examined peripheral blood samples and tumor tissues from two patients with concurrent cancer in one family. Tumor tissues (>200 mg) were obtained during resection, placed in cryopreservation tubes and immediately placed in liquid nitrogen or -80˚C freezer. A peripheral blood sample (5 ml) from an unaffected family member was also collected ( Hematoxylin and eosin (H&E) staining of tumor tissues. Each tissue sample was fixed in 10% formaldehyde overnight at 4˚C prior to embedding (FFPE) in paraffin. The FFPE tissue blocks were cut in 4 µm sections on a microtome at room temperature and then fixed onto standard glass histological slides. Each section was dewaxed in xylene, rehydrated through graded ethanol and underwent H&E staining at room temperature. Each section was incubated with hematoxylin for 5-10 min followed by eosin for 1 min. A coverslip was then added to each slide with Pertex mounting medium. The stained slides were scanned on an Olympus light microscope at magnifications of x100 or x200. All specimens were anonymized prior to receipt. All H&E stained sections were examined by two pathologists.
DNA extraction, library preparation and sequencing. DNA was extracted from peripheral blood and tumor tissue samples using a QIAamp DNA Mini kit (Qiagen GmbH) according to the manufacturer's protocol. To construct a library, we performed exome capture using an Agilent SureSelect Human All ExonV5 kit (Agilent Technologies, Inc.) following the manufacturer's protocol. A total of 0.5 µg DNA per sample was used as input material for the DNA library preparations. Genomic DNA samples were fragmented by sonication to a size of ~350 bp (duty factor 10%, peak incident power 175, cycles per burst 200, treatment time 180 sec, bath temperature 4-8˚C). Next, DNA fragments were end polished, A-tailed and ligated with the full-length adapter for sequencing, followed by further polymerase chain reaction (PCR) amplification using KAPA HiFi HotStart ReadyMix (Roche Diagnostics). The primers were based on the P5 and P7 flow cell sequences, and were suitable for the amplification of libraries prepared with full-length adapters. The primer sequences were as follows: P5: 5'-AATGATACGGCGACCACCGAGATC-3'; P7: 5'-CAAGCAGAAGACGGCATACGA-3'. Thermocycling conditions: Initial denaturation at 98˚C for 45 sec, denaturation at 98˚C for 15 sec, annealing at 60˚C for 30 sec, extension at 72˚C for 30 sec, library amplification with 3 cycles, a final extension at 72˚C for 1 min and hold at 4˚C. Subsequently, PCR products were purified by the AMPure XP system (Beckman Coulter, Inc.), libraries were analyzed for size distribution by Agilent2100 Bioanalyzer (Agilent Technologies, Inc.) and quantified by quantitative PCR (3 nM) using KAPA Library Quantification kits (Roche Diagnostics) according to the manufacturer's protocol. The primers were the same as for the amplification procedure. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min, followed by 35 cycles of denaturation at 95˚C for 30 sec and combined annealing/extension at 60˚C for 45 sec. A total of 6 pre-diluted DNA standards and appropriately diluted NGS libraries were amplified at the same time. The average Cq value for each DNA standard was plotted against its known concentration to generate a standard curve. The standard curve was used to convert the average Cq values for diluted libraries to concentration, from which the working concentration of each library was calculated. After the quality test, the qualified library was sequenced as 100 bp paired-end reads on an Ion Torrent platform (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols.
Bioinformatics analysis. Firstly, clean data were obtained following filtering of the low-quality reads, including reads with adapter sequences, reads with proportion of N >10% and reads with low-quality base numbers >5. The Burrows-Wheeler transform methods were adopted to map these reads to the human reference genome University of California, Santa Cruz (UCSC) hg19 (16, 17) . Subsequently, the Picard and Genome Analysis Toolkit (GATK; version 3.2) methods were adopted for duplicate removal, local realignment and base quality recalibration, as previously described (18, 19) . Finally, the GATK Unified Genotyper software (version 3.0; Broad Institute) was used for SNV annotation. The value of QualByDepth (QD) describes the quality of variation per unit depth, and the higher the QD, the higher the reliability of the variation in general (20) . QD >2.0 was set for 'good' SNV (FILTER=Pass), which could distinguish well between reliable and unreliable variations. Variants were annotated using the ANNOVAR software tool (21) . Annotations for function (exonic, intronic and untranslated region), reference genes, exonic function (synonymous, non-synonymous, stop-gain, frameshift and unknown), amino acid changes, 1,000 Genomes Project database (22), single nucleotide polymorphism database (dbsnp 138; ftp://ftp-trace.ncbi.nih.gov/snp/organisms/) and the Cancer Gene Census (CGC) database (23) were performed. Varscan2 (VarScan.v2.3.9; http://varscan.sourceforge.net/) (24) was used to identify somatic mutations in four paired tumor tissue and peripheral blood samples from the two patients with concurrent cancer.
WES generated a large volume of data, and several filtering criteria were applied to the dataset. Firstly, the sequencing quality score of a given base, Q, was defined by the following equation: Q=-10log10(e) where e was the estimated probability of the base call being wrong. A quality score of 20 represented an error rate of 1 in 100, with a corresponding call accuracy of 99%. Variants with a low-quality score (<20) were removed. Secondly, 1,000 Genomes Pilot Project database stores data from normal people. Minor allele frequency (MAF) is the percentage of alleles that are relatively rare in a population. Every variation at every location has a MAF value. MAF=1% is generally used as the boundary line for judging a correlation with disease, but the value is not absolute. Importantly, the threshold has to be analyzed in combination with the incidence of diseases. Concurrent cancers are rare; therefore, the variants with a reported MAF of >0.005 were filtered out. Then, synonymous changes were removed, and only the protein-altering variants were analyzed.
Results
Description of the pedigree. The patients with concurrent cancer were from Hubei, China. In total, two affected individuals (II-1 and II-5) and one unaffected individual (II-3) were recruited (Fig. 1 ). The proband (II-1) was a 68-year-old female who presented breast cancer at pathological tumor-node-metastasis (pTNM) stage pT2N2M0 and rectal cancer at stage IIIA (pTNM stage, pT4N0M0) according to the National Comprehensive Cancer Network guidelines and the pTNM staging system (25) (26) (27) . The younger brother (II-5) of the proband was a 61-year-old patient with concurrent cancer who suffered from liver cancer (pT3N0M0) and lymphoma at stage IIIA (28, 29) . The two concurrent cancer cases in the family were histologically confirmed at the hospital (30) , and their tumor tissue and peripheral blood samples were collected for WES ( Fig. 2) . Additionally, peripheral blood was collected from one healthy family member (II-3), a 63-year-old male, and its exome was also sequenced in the present study. 
WES.
To study the molecular pathogenesis of concurrent cancer, the exomes of two affected individuals (II-1 and II-5) and one unaffected individual (II-3) were sequenced. Large volumes of raw data were generated and further analyzed ( Fig. 3) . Quality scores across all bases were >20, which ensured the reliability of following analyses (31). Clean data were achieved by applying the aforementioned filtering processes. Following mapping to the human reference genome UCSC hg19 (17), local realignment and base quality recalibration, valid exome sequences with an average of 58X depth for each targeted base and ≥82.08% of the exonic positions covered >10X were obtained (Table II) . The ratio of transition/transversion in seven samples of one unaffected (II-3) and two affected individuals (II-1 and II-5) ranged between 2.2 and 2.4 (Table III) .
Somatic mutations. Varscan2 (32) was used to identify somatic mutations in four paired tumor tissue and peripheral blood samples from the two patients with concurrent cancer: i) BT15061701HNDQ and BT15082203HNDE; i i) BT15 0 61702H N D Q a nd BT15 0 822 03H N DE; iii) BT15061703HNDQ and BT15082201HNDE; and iv) BT15061704HNDQ and BT15082201HNDE (Fig. 4 ). Subsequent to detection and annotation of somatic SNV, the present study focused on missense variants in the exonic regions or splice sites. Furthermore, variants with a reported frequency >0.005 in the 1,000 Genomes Pilot Project data were removed (22). As a result, 2,053 somatic mutations in 1,771 genes in breast tumor tissues, and 467 somatic mutations in 420 genes in rectal tumor tissues, from patient II-1 were detected. Further analysis for intersection revealed that five somatic mutations in three genes occurred simultaneously in the two types of tumor tissues from patient II-1 (Table IV) . Similarly, seven somatic mutations in three genes occurred simultaneously in the two types of tumor tissues from patient II-5 (Table V) . Among these, NDUFS7 emerged as a candidate gene with somatic mutations (g.1391151G>A and g.1393289G>C) in two patients with concurrent cancer (Table VI) . NDUFS7 (g.1391151G>A and g.1393289G>C) is homozygous in breast cancer and liver cancer, while it is heterozygous in rectal cancer and lymphoma.
Germline mutations. To further investigate the molecular pathogenesis of concurrent cancer, germline mutations were analyzed using GATK methods (Fig. 5 ). Variants in peripheral blood samples that were shared by the two affected individuals (BT15082201HNDE and BT15082203HNDE), but were not present in the unaffected individual (BT15082202HNDE) were selected. Similarly, the present study focused only on missense variants in the exonic region or splice site, and filtered out variants with a reported frequency >0.005 in the 1,000 Genomes Pilot Project data. As a result, 183 missense SNVs were detected in 145 candidate genes. Subsequently, these candidate SNVs were further mapped to the CGC database to examine probable germline mutations and genes (33) . Finally, 17 SNVs in 16 genes emerged as candidate germline mutations in patients with concurrent cancer (Table VII) . The present study investigated the molecular alterations in concurrent cancer. By sequencing the exomes of two affected individuals and one unaffected individual in a Chinese family with concurrent cancer, the present study identified NDUFS7 as a candidate gene with somatic mutations (g.1391151G>A and g.1393289G>C), and 17 SNVs in 16 genes as candidate germline mutations. The present results provided insights into the causative alterations of concurrent cancer at the molecular level.
Discussion
It is an ongoing aim of cancer research to understand the causative mutations underlying cancer development and progression. Somatic mutations can occur in any non-germ cell of the body following conception, whereas germline mutations are inherited from the parents (4, 5) . During the past decades, comprehensive efforts have been made by scientists to improve the resolution and reduce the cost of sequencing methods. The genomic landscapes of common forms of human cancer have been identified (34) (35) (36) . However, the molecular mechanisms of concurrent cancers remain unknown. Currently, there are no specific approaches to treat concurrent cancer. Patients with concurrent cancer are treated just like other common forms of human cancers.
Tumors evolve from benign to malignant lesions by acquiring a series of mutations over time. Somatic mutations that occur in tumor cell genomes serve a vital role in cancer development, including the initiation of tumorigenesis. In common solid tumors, including those derived from breast, colon, brain or pancreas, an average of 33-66 genes may display subtle somatic mutations that would be expected to alter the protein products (5) . Of these mutations, ~95% are (5) . In the present study, NDUFS7 emerged as a candidate gene with somatic mutations in cases of concurrent cancer. The NDUFS7 gene encodes a protein that is a subunit of complex I in the mitochondrial respiratory chain (37) . Mutations in this gene cause Leigh syndrome due to mitochondrial complex I deficiency (38, 39) . Leigh syndrome is a severe neurological disorder that causes bilaterally symmetrical necrotic lesions in subcortical brain regions (38, 39) . To the best of our knowledge, the present study is the first one that identified NDUFS7 as a somatic mutation gene in concurrent cancer. Further studies are required to verify how these somatic mutations in the NDUFS7 gene may cause functional alterations associated with the development of cancer. Germline mutations inherited from the parents can increase susceptibility to cancer development (4, 5) . An assessment of the components of the germline genome of patients may improve the current understanding of the pathogenesis of various types of cancer. The present study identified a total of 17 germline mutations in 16 candidate genes in peripheral blood samples from patients with concurrent cancer, including the peptidoglycan recognition protein 4, platelet endothelial aggregation receptor 1 (PEAR1), collagen type VI α3 chain, kinesin family member 1A, zinc finger protein 717 (ZNF717), Figure 5 . Workflow for the identification of germline mutations. Variants in peripheral blood samples that were shared by the two affected individuals (BT15082201HNDE and BT15082203HNDE), but were not present in the unaffected individual (BT15082202HNDE) were selected. CGC, Cancer Gene Census; GATK, Genome Analysis Toolkit. zinc finger protein 141 (ZNF141), SCO-spondin, epiplakin 1, zinc finger DHHC-type containing 21 (ZDHHC21), centriolin, activating signal cointegrator 1 complex subunit 1, olfactory receptor family 8 subfamily U member 1, poly(A) binding protein cytoplasmic 3, nuclear pore complex interacting protein family member B6, RAB36 member RAS oncogene family and coiled-coil domain containing 117 genes. Following mapping to the CGC database, it was identified that mutations in these genes had been previously reported to be involved in cancer progression. For example, mutations in the ZDHHC21 gene have been reported in rectal cancer but not in breast cancer, and mutations in the PEAR1, ZNF717 and ZNF141 genes were detected in liver cancer but not in lymphoma, as assessed by the Catalogue Of Somatic Mutations In Cancer (40) (41) (42) .
Notably, to the best of our knowledge, the present study is the first to suggest that mutations in these genes may increase susceptibility to concurrent cancer.
In conclusion, the present study focused on a rare case of a three-generation family in which two members had developed concurrent cancer. Through WES and bioinformatics analysis, probable somatic mutations were identified in the NDUFS7 gene, and germline mutations were identified in 16 candidate genes. Although further studies are required to validate these variants, to the best of our knowledge, the results of the present study are the first to suggest a specific molecular profile associated with concurrent cancer.
